The metal content, volatile content and crystallization conditions of ore-related rhyolite samples from the Climax-type porphyry Mo deposits at Urad-Henderson and Silver Creek (Rico) were reconstructed based on the composition of melt inclusions, mineral inclusions, and titanium-inquartz thermobarometry. Additional melt inclusion data were obtained from contemporaneous mafic dikes. Crystallized melt inclusions were either directly analyzed by laser ablation inductively coupled plasma mass spectrometry, or re-homogenized and then analyzed by electron microprobe. Inter-mineralization rhyolite melts at Urad-Henderson were highly evolved (four times more fractionated than average granite of the continental crust), contained 10-15 ppm Mo, 6-7 wt % H 2 O and 0Á5-0Á7 wt % F, and record crystallization conditions of 730-770 C, 1-3 kbar and an oxygen fugacity about two log units above the fayalite-magnetite-quartz buffer (FMQ þ 2). Melts from two presumably syn-mineralization rhyolite dikes at Silver Creek were slightly less evolved and contained 3-5 ppm Mo, 7-8 wt % H 2 O and $0Á3 wt % F, and record crystallization conditions of 780-800 C, 2-5 kbar. Both datasets are characterized by distinctly lower fluorine contents but higher temperatures and higher water contents than corresponding values reported for ore-related rhyolites at Climax. Calculated melt viscosities (log g ¼ 3Á5-4Á9 Pa s) are lower than those of average granitic melts at the same temperature, which may have facilitated crystal-melt segregation and thus accumulation of large volumes of fractionated, crystal-poor melts in shallow magma chambers, a process that seems to be critical for the formation of Climax-type porphyry Mo deposits.
INTRODUCTION
Porphyry Mo deposits, together with porphyry Cu-Mo (6Au) deposits, are our main source of molybdenum. Porphyry Mo deposits can be subdivided into two groups: (1) high-grade (>0Á15 wt % Mo), rift-related deposits associated with fluorine-rich (>0Á2 wt % F), highly evolved rhyolitic magmas; (2) low-grade (<0Á15 wt % Mo), arc-related deposits associated with fluorine-poor (<0Á2 wt % F), calc-alkaline magmas (e.g. Carten et al., 1993; Ludington & Plumlee, 2009 ). The first group, which are commonly referred to as Climax-type deposits, has traditionally attracted more attention owing to its higher ore grade and the peculiar geochemical characteristics of the ore-forming magmas. Based on the characteristic presence of ore shells atop small stocks that themselves are relatively unaltered, Carten et al. (1988) proposed that the small stocks (which represent apophyses from much larger, underlying magma chambers) were extremely enriched in Mo (up to 13 000 ppm) and volatiles. In contrast, Lowenstern (1994) argued that porphyry Mo ore-forming magmas contained only ppm levels of Mo, and thus that fluids had to be extracted from very large volumes of magma to form a deposit. Recent melt inclusion (and fluid inclusion) studies on barren, sub-economic and mineralized systems suggest that ore-forming magmas in porphyry Mo-mineralized systems indeed did not contain more Mo than similarly evolved magmas in barren and subeconomic systems (Audé tat, 2010 (Audé tat, , 2015 Lerchbaumer & Audé tat, 2013; Mercer et al., 2015) . By examining other factors involved in the formation of porphyry Mo deposits, Lerchbaumer & Audé tat (2013) concluded that efficient extraction of fractionated residual melts and their accumulation in the apical part of large magma chambers may be the most important requirement for the formation of economic deposits.
The strong fluorine enrichment in Climax-type porphyry Mo deposits could imply that efficient melt extraction is linked to fluorine via a reduction in melt viscosity. Indeed, a recent melt inclusion study conducted on Climax, Colorado (Audé tat, 2015) revealed unusually high fluorine contents of 3Á0-4Á5 wt % F in the mineralizing melts, values that are far higher than those of rhyolites in arc settings ( 0Á1 wt % F) and of unmineralized rhyolites in within-plate settings (0Á1-2Á0 wt % F). In contrast, a recent melt inclusion study on the Hideaway Park topaz rhyolite, which has been interpreted as an erupted portion of the mineralizing magmas at the porphyry Mo deposit at Urad-Henderson, showed only moderately elevated F concentrations of 0Á7 6 0Á1 wt % (Mercer et al., 2015) . This would imply that productive magmas do not necessarily have to be fluorine-rich.
In this study we present a detailed assessment of the petrology and compositional characteristics of interand post-mineralizing rhyolitic magmas at UradHenderson, and complement the results with data obtained from presumably syn-mineralization rhyolitic dikes at Silver Creek, which is the youngest Climax-type porphyry Mo deposit of the Colorado Mineral Belt. Contemporaneous mafic dikes were investigated as well to examine any potential role of these magmas in the mineralization process. The reason why we focused on distal dikes rather than on mineralized stocks themselves is that the latter are usually mechanically stressed, leading to destruction of melt inclusions.
GEOLOGICAL BACKGROUND

Geology of Urad-Henderson
The Urad-Henderson porphyry Mo deposit is located at the northwestern margin of the Colorado Mineral Belt (Fig. 1a) . It is composed of two separate orebodies, the shallower, older and smaller Urad orebody, and the deeper, younger and economically dominant Henderson orebody (Fig. 1b) . The Urad orebody is hosted by the Precambrian Silver Plume granite ($1Á4 Ga) and two Oligocene rhyolitic stocks (Tungsten Slide Unit and Square Quartz Porphyry; marked as 'Pre-Red Mountain porphyry stocks' in Fig. 1b) (Wallace et al., 1978; Carten et al., 1988) . Based on field occurrence and rock texture, the Square Quartz Porphyry is considered to be the parental magma for the Urad orebody (Wallace et al., 1978) . This orebody was truncated by the Red Mountain Porphyry (29Á9 6 0Á3 Ma; Geissman et al., 1992) , which probably vented to the surface (Wallace et al., 1978) . The Red Mountain Porphyry grades into the Urad Porphyry ($28Á3 6 0Á3 Ma; Geissman et al., 1992) at depth. At least 11 younger stocks intruded the Urad Porphyry in the form of three intrusion centers, which comprise, from oldest to youngest, Henderson ($28Á0 6 0Á2 Ma), Seriate ($27Á6 6 0Á2 Ma) and Vasquez ($27Á6 6 0Á3 Ma; Carten et al., 1988; Geissman et al., 1992) . The intrusions from the Henderson and Seriate centers account for most of the Mo mineralization, the bulk of which is referred to as the Henderson orebody. Re-Os age data for molybdenite from the Henderson mine return 27Á66 6 0Á02 Ma (Markey et al., 2007) , which is in agreement with the K-Ar ages of the Seriate and Vasquez centers. The similarity in mineralogy, geochemistry and emplacement age, combined with the presence of a large hydrothermal system and negative Bouguer gravity anomaly, suggests that all the rhyolitic stocks in the UradHenderson system were derived from a common, underlying magma chamber (Wallace et al., 1978; Bookstrom et al., 1988) .
Widespread rhyolite dikes form a radial dike swarm centered on Red Mountain (Fig. 1c) . They predominantly strike in a NE-SW direction, and subordinately in NW-SE and north-south directions (Fig. 1c) . Field relations reveal that these dikes cut the Urad orebody (Bookstrom et al., 1988) . Ar-Ar dating of biotite from these dikes suggests they were emplaced at 29Á4 6 0Á2 Ma (Geissman et al., 1992) , contemporaneous with the 29Á9 6 0Á3 Ma Red Mountain Porphyry. These relationships indicate that the dikes were emplaced between the formation of the Urad orebody and the formation of the Henderson orebody. Samples UH5 and UH6 investigated in the present study were collected from the largest outcrop of rhyolite, which is situated on the ridge c. 1 km WSW of the original peak of Red Mountain (Fig. 1c) , the latter now being collapsed as a result of block caving. The rhyolite contains phenocrysts of smoky quartz (30-40 vol. %) and altered feldspar ($5 vol. %) set in an aphanitic groundmass (Fig. 2a) . Mafic minerals seem to have been absent in this magma.
Spatially associated with the rhyolite dikes are occurrences of basaltic trachyandesite magma. They occur either as individual basaltic trachyandesite dikes or as margins of composite basaltic trachyandesite-rhyolite dikes ( Fig. 1 ; Bookstrom et al., 1988; Shannon et al., 2004) . Both types follow the same radial crack system as the felsic dikes. Orthoclase K-Ar dating of a basaltic trachyandesite dike yielded an age of 29Á81 6 0Á1 Ma (Geissman et al., 1992) . Two samples of basaltic trachyandesite were studied, one kindly provided by Arthur Bookstrom (UH82-287 from an underground exposure; described by Bookstrom et al., 1988) , and sample UH14 collected from rubble around the basaltic trachyandesite dike mapped south of Red Mountain. Both hand specimens are dark green in color and contain phenocrysts of plagioclase ($10 vol. %), biotite ($1 vol. %) and magnetite (<1 vol. %), and larger xenocrysts of quartz ( Fig. 2b ; 2-5 vol. %), plagioclase (2-5 vol. %) and potassic feldspar (2-5 vol. %) set in a microcrystalline matrix. The euhedral, non-resorbed shape of the quartz xenocrysts and the similarity of the melt inclusion compositions to those analyzed from the rhyolite suggest that these crystals were introduced into the mafic magma when both felsic and mafic magmas were still partially molten; that is, that the mafic and felsic magmas were contemporaneous. Plagioclase phenocrysts in sample UH82-287 are fresh and have a composition of An 53-61 , whereas those in sample UH14 are altered.
About 2Á5 km SW of Red Mountain the Woods Mountain intrusive center crops out (Fig. 1c) . This barren intrusion is composed of at least four high-silica rhyolite phases (Shannon et al., 2004) . A K-Ar K-feldspar age of 24Á2 6 0Á9 Ma (Shannon et al., 2004) suggests that it formed distinctly later than the Mo mineralization of the Henderson orebody (27Á66 6 0Á02 Ma). Two rhyolite samples (UH9 and UH11) were collected from the northernmost unit. They contain phenocrysts of quartz ($30-40 vol. %), plagioclase ($15 vol. %), potassic feldspar ($15 vol. %), biotite ($2 vol. %) and fluorite ($1 vol. %) set in an aphanitic groundmass of similar mineralogy. Most feldspar phenocrysts are altered (Fig. 2c) . Some 3Á5-4Á0 km NNE of Red Mountain are several exposures of an Oligocene rhyolite tuff, the Hideaway Park topaz rhyolite, which has a feldspar K-Ar age of 27Á7 6 0Á4 Ma. Based on its age and similar mineralogy to the porphyries at Henderson, this rhyolite tuff has been considered a volcanic equivalent of the magmas that formed the Henderson orebody (Wallace, 1995; Shannon et al., 2004; Mercer et al., 2015) . A detailed study on the mineralogy and geochemistry of the Hideaway Park topaz rhyolite was conducted by Mercer et al. (2015) .
Geology of Silver Creek
The Silver Creek porphyry Mo deposit is situated at the southwestern end of the Colorado Mineral Belt (Fig. 1a) . Two episodes of magmatism are documented in this area. The earlier episode occurred from the late -287) , showing large quartz and plagioclase xenocrysts and small, lath-shaped plagioclase phenocrysts. (c) Woods Mountain rhyolite (sample UH11). Crystallized melt inclusion (d) and magmatic molybdenite inclusion (e) in quartz phenocrysts from the rhyolite dike collected at Red Mountain. Crystallized melt inclusion (f) and magmatic sphalerite inclusion (g) in quartz xenocrysts from basaltic trachyandesite. Hematite inclusion (h), fluorite inclusion (i) and calcite inclusion (j) within quartz phenocrysts from the Woods Mountain rhyolite. (k) Representative heating sequence of a melt inclusion in quartz from sample UH5, homogenized in two steps. Images (a-c) were taken with incident light, all others in transmitted light. plag, plagioclase; qtz, quartz; bio, biotite.
Cretaceous to the Paleocene and involves volumetrically dominant hornblende latite porphyry (59Á9 6 2Á7 to 64Á9 6 3Á7 Ma; Naeser et al., 1980) , which intruded in the form of sills and small laccoliths into a Precambrian basement consisting of greenstone and quartzite, and Paleozoic-Mesozoic sedimentary rocks (Fig. 3a) . The emplacement of hornblende latite porphyry was closely followed by emplacement of augite monzonite, which was probably a differentiate of the hornblende latite porphyry (Price & Baughman, 2011) . The second episode of igneous activity occurred between 4Á6 and 3Á4 Ma (Naeser et al., 1980) . During this time period, dikes of variable composition, including basalt, rhyolite porphyry (also referred to as alaskite) and latite, intruded into the older magmatic and sedimentary rocks. Among these younger dikes, two rhyolite porphyry dikes (3Á4-3Á9 Ma; Naeser et al., 1980) are spatially, temporally, and probably genetically related to a stockwork of quartz-molybdenite veins and veinlets in Precambrian quartzite, greenstone and overlying Paleozoic sedimentary strata. Although no source intrusion has been intersected by drilling, a subjacent stock, similar in composition to the exposed rhyolite porphyry dikes, has been inferred by Naeser et al. (1980) and Cameron et al. (1986) (Fig. 3b) . The basalt dikes have also been considered contemporaneous with the rhyolite porphyry (Lipman et al., 1970) , which is strongly supported by the present study.
Samples of rhyolite porphyry dikes were taken from two outcrops, Aztec Gulch (Aztec1, Aztec2 and Aztec3) Pratt et al., 1969; Cameron et al., 1986 ; and the US Topo 7Á5-minute map for Rico, CO, 2011) , showing the occurrence of rhyolite and basalt dikes and the sample localities. (b) Cross-section showing the size and location of the orebody as revealed by drilling (after Cameron et al., 1986) . The location of the cross-section is shown in (a).
and Silver Creek (Silver1, Silver2 and Silver4). Zircon fission-track dating on these two dikes yielded 3Á4 6 0Á3 Ma for Aztec and 3Á9 6 0Á4 Ma for Silver Creek (Naeser et al., 1980) , which are the same within analytical error. Similarly, the compositions of melt inclusions and mineral inclusions in quartz phenocrysts from the two localities are virtually identical (see below); thus we regard them as a single magmatic unit (in the following called 'Silver Creek rhyolite dikes'). The rhyolite porphyry contains small phenocrysts of quartz ($5 vol. %) and altered feldspar ($10 vol. %) set in an aphanitic groundmass (Fig. 4a) . All samples are overprinted by sulfur-rich hydrothermal alteration in the form of disseminated pyrite, suggesting a pre-to syn-mineralization origin of the magma (Naeser et al., 1980) . Cameron et al. (1986) reported that a similar dike intersected during drilling is 'clearly intra-mineralization'.
A basalt dike sampled at Elliott Mountain (Fig. 3a ) contains (micro-)phenocrysts of clinopyroxene ($30-40 vol. %), olivine ; $20 vol. %) and spinel ($5 vol. %), plus xenocrysts of quartz, set in a partly glassy matrix that has a composition similar to the whole-rock. Some clinopyroxene phenocrysts show distinct core-rim textures with dark green cores and light green rims. Most olivine phenocrysts are altered (Fig. 4b) . As is the case for the Red Mountain basaltic trachyandesites, the quartz xenocrysts in the basalt of Elliott Mountain are euhedral in shape and appear to have been entrained from a felsic magma when both magmas were still partially molten. Although precise geochronology data are absent for this dike, the compositions of melt inclusions within the xenocrysts are nearly identical to those present in quartz phenocrysts of the Silver Creek rhyolite dikes (see below), suggesting that the basalt dike was emplaced contemporaneously with the rhyolite dikes.
METHODS
Polished sections of either 100 mm (basalt or basaltic trachyandesite) or 300-500 mm (rhyolite) thickness were examined using a standard petrographic microscope, with special focus on melt inclusions and mineral inclusions occurring within quartz and feldspar phenocrysts. Mineral inclusions that could not be identified optically were identified by Raman spectroscopy using a Horiba Scientific LabRAM HR800 Raman spectrometer equipped with a 632Á8 nm HeNe laser source.
A total of 93 melt inclusions, 52 mineral inclusions, 15 sulfide inclusions, two fine-grained rock matrices and one bulk-rock powder pellet were analyzed by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using a 193 nm ArF Excimer laser (GeolasPro system; Coherent; USA) attached to a quadrupole mass spectrometer (Elan DRC-e; Perkin Elmer; Canada). The laser was operated at 5-10 Hz and an energy density of 3-10 J cm -2 at the sample surface, creating laser pits ranging from 15 to 80 mm in diameter. The densely pressed powder pellet (from the basalt dike at Elliot Mountain) was prepared from finely ground ( 20 mm grain size) rock powder and was analyzed on an 80 mm pit that was rastered over the sample during ablation, resulting in a total ablation area of $1000 mm 2 . The sample chamber was flushed with He gas at a rate of 0Á4 l min -1 , to which 5 ml min -1 H 2 gas was added on the way to the ICP-MS system (Guillong & Heinrich, 2007) . Analyzed isotopes were measured using dwell times of 10-50 ms per isotope. The ICP-MS system was tuned to a ThO rate of 0Á07 6 0Á02% and a rate of doubly charged Ca ions of 0Á16 6 0Á03% based on measurements on NIST SRM 610 glass.
Entire, unexposed melt inclusions (both crystalline and glassy) were ablated by means of a pulsed laser beam out of the surrounding host minerals (quartz, plagioclase or clinopyroxene), and any excess ablated host was subtracted numerically from the resulting LA-ICP-MS signals to obtain the composition of the melt (Halter et al., 2004; Pettke, 2006) . External standardization was based on NIST SRM 610 glass (Jochum et al., 2011) . Internal standardization of quartz-hosted melt inclusions analyzed from Red Mountain and the barren Woods Mountain was based on SiO 2 vs Al 2 O 3 trends displayed by whole-rock data published by White et al. (1981) and Carten et al. (1988) . For the quartz-hosted melt inclusions from Silver Creek a fixed SiO 2 value of 79 wt % was used based on one whole-rock analysis (78Á5 wt %; Cameron et al., 1986) and the average SiO 2 content of homogenized melt inclusions measured by electron microprobe analysis (EPMA) (78Á6 6 0Á5 wt %). Because quartz-hosted melt inclusions lose most of their sodium during post-entrapment melt crystallization (Zajacz et al., 2009; Audé tat & Lowenstern, 2014) , estimates regarding their original Na 2 O contents had to be made. In the case of Urad-Henderson a value of 3Á2 wt % Na 2 O is indicated by whole-rock data, whereas for Silver Creek the same value was used based on the clustering of the least Na 2 O-depleted melt inclusions around this value. In the absence of any whole-rock trends that could be used for internal standardization of the melt inclusions in mafic samples, plagioclasehosted melt inclusions in basaltic trachyandesite samples from Red Mountain were standardized on a whole-rock Al 2 O 3 value of 16Á2 wt % published by Bookstrom et al. (1988) , whereas clinopyroxene-hosted melt inclusions from the basalt at Elliott Mountain were standardized on an Al 2 O 3 value of 14Á0 wt %, determined by LA-ICP-MS analysis on a corresponding bulkrock powder pellet. In all cases the sum of major element oxides was normalized to 100 wt %.
LA-ICP-MS analyses of quartz were quantified based on NIST 610 as external standard and using 100 wt % SiO 2 as internal standard. The accuracy of the quartz analyses was periodically checked with the quartz standard described by Audé tat et al. (2015) . Analyses of silicate minerals were quantified using NIST SRM 610 glass as external standard and then normalizing the sum of all major element oxides to 100 wt %. Analyses of sulfide inclusions were quantified using a synthetic pyrrhotite (Po724 T3 SRM from the Memorial University of Newfoundland) as external standard for Fe and S, and NIST SRM 610 for all other elements, and then normalizing the sum of S, Fe, Ni and Cu to 100 wt %. Tests with various sulfide reference materials revealed that this approach provides results that are accurate within 7% (Zhang & Audé tat, 2017) . Uncertainties associated with the analyses of silicate minerals and quartz-hosted melt inclusions are estimated to be 5-7%, except for elements close to the detection limit. For the melt inclusions analyzed from basalt and basaltic trachyandesite the uncertainties may be considerably higher owing to uncertainties in choosing the internal standard.
A total of 14 unexposed melt inclusions within quartz phenocrysts from the rhyolite porphyries at Red Mountain and Woods Mountain were re-homogenized and subsequently analyzed by electron microprobe. For this purpose, melt inclusion-bearing quartz fragments of c. 2 mm Â 2 mm size were cut out of the polished sections and placed in an open Pt capsule in the top of a vertically operated TZM cold-seal pressure vessel, where the melt inclusions were re-homogenized at 2 kbar confining Ar pressure in two steps of 24-48 h duration each at 700 C and 720 C. Similarly, 21 melt inclusions in quartz phenocrysts from the Silver Creek rhyolite dikes were re-homogenized for 48 h at 700 C. A few melt inclusions that were not fully homogenized after this step were heated for another 24 h at 720 C. After exposing them on the surface by polishing they were analyzed by electron microprobe for all major elements plus S, Cl and F. These analyses were performed on a JEOL JXA-8200 microprobe equipped with five spectrometers and TAP, PET, LiF and LDE1 spectrometer crystals, using 15 kV, 20 nA and a beam defocused to 3-10 lm. Na, K, Si, S and Fe were measured first, with Na and K being measured for 10 s on peak and 5 s on each background (10/2 Â 5), and Si, Al, Ti, Fe, Mn, Mg and Ca with 20/2 Â 10, and F, Cl and S with 60/2 Â 30. Time-resolved signals showed up to 10% loss of Na in the most hydrous glasses, but no loss of Cl and F. Standardization was performed on albite (Na, Si), orthoclase (K), spinel (Al), MnTiO 3 (Mn, Ti), metallic Fe, enstatite (Mg), wollastonite (Ca), fluorite (F), vanadinite (Cl) and baryte (S). A topaz crystal that contains 20Á5 6 0Á5 wt % F according to X-ray diffraction measurements and with equations for cell parameters a and b given by Alberico et al. (2003) was measured as unknown and returned expected F values of 20Á2 6 0Á3 wt % F. Rough estimates of water contents were obtained by taking the difference to 100 wt % total and correcting it for the abundance of fluorine. However, owing to Na loss and associated matrix effects (e.g. Devine et al., 1995; Donovan & Vicenzi, 2008) these estimates are associated with an error of at least 61 wt %.
RESULTS
Urad-Henderson porphyry Mo system Rhyolite dike from Red Mountain
The quartz phenocrysts in this rock are light smoky grey in color and measure up to 6 mm. Most of them have a euhedral shape, but broken fragments occur as well (Fig. 2a) . They contain abundant crystallized melt inclusions ( Fig. 2d) (Table 1) . Their occurrence in quartz domains completely free of any cracks and fluid inclusions unambiguously proves that they are of magmatic origin. The presence of rare molybdenite inclusions suggests that the rhyolite magma was at times saturated in this mineral.
Representative LA-ICP-MS analyses of melt inclusions and mineral inclusions are listed in Table 2 ; the full dataset is provided in Supplementary Data Tables S1 and S2 (supplementary data are available for downloading at http://www.petrology.oxfordjournals. org). All melt inclusions are rhyolitic in composition, with SiO 2 contents ranging from 78 and 80 wt %. High concentrations of incompatible elements such as Rb (476-777 ppm) and Cs (5-20 ppm) suggest a very evolved melt character. In a Rb vs Sr diagram (Fig. 5) , the melt inclusion compositions plot on the same trend as that defined by whole-rock analyses of the stocks that produced the main-stage Henderson ore body and the smaller ore shell associated with the Vasquez center. A similarly good match is observed in Rb vs Zr and in Rb vs TiO 2 diagrams (Supplementary Data Fig. 1) . Hence, the studied melt inclusions are regarded to be representative of the mineralizing melts. Molybdenum concentrations range from 5 to 15 ppm (average 10 6 3 ppm) and positively correlate with Rb (Fig. 6 ). All melt inclusion compositions plot within the field of within-plate (A-type) granites in the tectonic discrimination diagrams of Pearce et al. (1984) (Fig. 7a and b) .
Representative electron microprobe analyses of rehomogenized melt inclusions are listed in Table 3 ; the full dataset is available in Supplementary Data Table  S3 . The average of all analyses (n ¼ 9) has 0Á53 6 0Á04 wt % F, 0Á23 6 0Á02 wt % Cl and 6Á0 6 0Á6 wt % H 2 O (the last based on the difference to a total 100 wt %; corrected for O ¼ F substitution). When normalized dry, the concentrations of major element oxides obtained by EPMA agree reasonably well with the results obtained by LA-ICP-MS; for example, 77Á2-78Á0 vs 78Á0-80Á1 wt % for SiO 2 , 12Á6-13Á5 vs 12Á4 wt % for Al 2 O 3 , 2Á9-4Á0 vs 3Á2 wt % for Na 2 O and 4Á3-4Á7 vs 3Á4-4Á8 wt % for K 2 O. 
Red Mountain basaltic trachyandesite
Although this rock has previously been called a lamprophyre or kersantite, the presence of plagioclase phenocrysts implies that it should be classified following the regular scheme for volcanic rocks. A whole-rock analysis published by Bookstrom et al. (1988) and two LA-ICP-MS analyses of the microcrystalline matrix of the same sample plot within the field of basaltic trachyandesite in the total alkalis vs SiO 2 diagram, for which reason this term will be used here. Plagioclase phenocrysts are consistently smaller in size than plagioclase of xenocrystic origin (Fig. 2b) . The plagioclase phenocrysts commonly contain crystallized melt inclusions and fewer sulfide inclusions. A few ilmenite inclusions are also present. Most melt inclusions are andesitic in composition and contain 55-61 wt % SiO 2 and 4-6 wt % Na 2 O þ K 2 O. They generally have a slightly more evolved character than the bulk-rock composition reported by Bookstrom et al. (1988) . However, they contain much less Rb (c. 30-40 ppm) than the bulkrock (300-500 ppm), which may be due to selective diffusion of Rb into the basaltic trachyandesite magma when it mingled with rhyolitic magma. Molybdenum concentrations in the melt inclusions are only 1-2 ppm (Supplementary Data Table S1 ). Coexisting sulfide inclusions contain 0Á8-2Á2 wt % Cu, 0Á2-2Á2 wt % Ni and 2-3 ppm Mo (Supplementary Data Table S4 ). Based on the reconstructed silicate melt composition, an estimated temperature of 1100-1200 C and an assumed pressure of 5-10 kbar, the silicate melt contained at least 500 ppm dissolved sulfur (Liu et al., 2007; Fortin et al., 2015) . This minimum estimate refers to reducing conditions (f O 2 FMQ); at more oxidized conditions sulfur solubilites are up to one order of magnitude higher (Jugo, 2009) .
Quartz xenocrysts contain abundant secondary fluid inclusions, but also few crystallized melt inclusions (Fig. 2f) and mineral inclusions such as feldspar, zircon and aeschynite (Table 1) . Interestingly, one quartz xenocryst contains several inclusions of amber-colored, euhedral sphalerite crystals that appear to be of magmatic origin (Fig. 2g) . Compared with the rhyolite samples from Red Mountain, the quartz xenocrysts in the basaltic trachyandesites contain far more molybdenite inclusions, and most melt inclusions display a distinctly less evolved character based on their Rb, Cs, Sr, Ba and Table S1 ). The Mo content of the melt inclusions ranges mostly from 3 to 10 ppm (Fig. 6 ).
Woods Mountain rhyolite porphyry
The smoky quartz phenocrysts from the rhyolite porphyry of the barren Woods Mountain intrusive complex contain abundant, crystallized melt inclusions. Magmatic mineral inclusions within quartz phenocrysts comprise feldspar, apatite, biotite, magnetite, monazite, pyrrhotite, thorite, aeschynite, zircon, fluorite (Fig. 2i) , and rare (one occurrence each of) hematite (Fig. 2h) and calcite ( Fig. 2j) (Table 1 ). The calcite inclusion is present in a quartz phenocryst that according to Ti-in-quartz thermobarometry formed at c. 5 kbar (see below). This pressure is high enough to stabilize magmatic calcite (Audé tat et al., 2004) . The presence of fluorite phenocrysts and fluorite inclusions within quartz phenocrysts (Fig. 2i) suggests that the melt was fluorine-rich. Despite a careful search no molybdenite inclusions were found.
Compared with the samples from the rhyolite dike at Red Mountain, the melt inclusions from Woods Mountain are distinctly more evolved, containing 685-1329 ppm Rb, 11-33 ppm Cs, and very low concentrations of Ba (<1 ppm) and Sr (<1 ppm). However, despite this evolved character they contain only $1 ppm Mo, which is nearly an order of magnitude lower than the Mo content of similarly evolved melts at other localities (Fig. 6) . It is interesting to note that in the Nb vs Y diagram (Fig. 7a) the Woods Mountain melt inclusion data follow a trend that is different from that of Red Mountain, which indicates that the two magmas may not be related to each other via fractional crystallization.
Electron microprobe analyses of five rehomogenized melt inclusions yielded results that are consistent with LA-ICP-MS analyses when normalized dry (Supplementary Data Table S3 ). Compared with the melt inclusions analyzed from Red Mountain, those from Woods Mountain contain distinctly more F (1Á1-1Á7 wt %) and H 2 O (8Á2-8Á7 wt %) but less Cl (0Á2-0Á7 wt %). The higher F content agrees with the presence of fluorite phenocrysts and fluorite inclusions within quartz phenocrysts (Fig. 2i) , and the higher H 2 O contents agree with higher entrapment pressures (see below).
Silver Creek porphyry Mo system Rhyolite dikes from Aztec Gulch and Silver Creek
The quartz phenocrysts in the rhyolite dikes from Aztec Gulch and Silver Creek contain abundant, crystallized melt inclusions (Fig. 4e) as well as inclusions of apatite, feldspar, zircon, biotite, titanite, monazite, clinopyroxene and pyrrhotite (Table 1) . No inclusions of molybdenite were found. The mineral assemblage and melt OIB, average composition of ocean island basalts (Sun & McDonough, 1989) ; AB, average of primitive arc basalts (GEOROC database; references given by Bali et al., 2012) ; LC, UC, BC, averages of lower crust, upper crust, and bulk crust, respectively (Rudnick & Gao, 2003) ; average Rb content of granites is from Taylor (1964) ; qtz xeno., quartz xenocrysts. inclusion compositions in the samples from the two localities are identical (Table 2, Supplementary Data  Tables S1 and S2 ), for which reason we treat them as a single magmatic unit. The melt inclusions are moderately enriched in Rb (377-529 ppm) and Cs (11-16 ppm) and contain of the order of 3-4 ppm Mo (Fig. 6) . In tectonic discrimination diagrams they plot well within the field of within-plate (A-type) granites (Fig. 7) . Twentyone melt inclusions were re-homogenized for EPMA. The results reveal rather low F (0Á28 6 0Á02 wt %) and Cl ($0Á04 wt %) contents, but-based on low totalsrelatively high H 2 O (7Á5 6 1Á0 wt %) contents. When normalized dry, the results agree well with the LA-ICP-MS data.
Basalt dike of Elliott Mountain
This rock has previously been classified as a lamprophyre, but it does not contain phenocrystic mica, for which reason we prefer the term basalt. The rock contains $30-40 vol. % clinopyroxene phenocrysts and microphenocrysts, $20 vol. % partially altered olivine phenocrysts, $5 vol. % spinel microphenocrysts, and 1-3 vol. % quartz xenocrysts set in a glassy matrix. The clinopyroxene phenocrysts contain partly glassy melt inclusions of 20-50 lm size (Fig. 4c) , a few apatite and spinel inclusions, and rare sulfide inclusions. No melt inclusions were found in olivine because most olivine grains are altered. Quartz xenocrysts are well preserved and contain only few cracks and fluid inclusions. They contain both glassy and crystallized melt inclusions (Fig. 4d) as well as inclusions of zircon, thorite and titanite.
Seven melt inclusions in clinopyroxene phenocrysts and four melt inclusions in quartz xenocrysts were analyzed by LA-ICP-MS. The results suggest that the melt inclusions in clinopyroxene are picrobasaltic to basaltic Data Fig. S2 ). The Mo content of the melt inclusions is around 2-4 ppm (Fig. 6) . Two analyses of a bulk-rock powder pellet returned 46Á7 6 0Á7 wt % SiO 2 , 3Á5-3Á7 wt % (Na 2 O þ K 2 O), 10Á7 6 0Á1 wt % MgO and 9Á5 6 0Á2 wt % FeO; these values are similar to those obtained from the melt inclusions. They also show the same trace element pattern (Supplementary Data Fig.  S2 ). Two types of sulfide inclusion have been found in clinopyroxene phenocrysts, one containing 14Á4-16Á0 wt % Cu, 1Á8-5Á1 wt % Ni and low Mo concentrations (below detection limit), and one being much richer in Cu (19Á1-29Á0 wt %), Co (3Á1-4Á1 wt %) and Mo (300-400 ppm) (Supplementary Data Table S4 ). Based on the reconstructed silicate melt composition, an estimated temperature of 1200 C [calculated with Al-in-olivine thermometry from Coogan et al. (2014) ] and an assumed pressure of 5-10 kbar, the silicate melt contained at least 1400 ppm dissolved sulfur (Liu et al., 2007; Fortin et al., 2015) . Again, actual sulfur contents may have been much higher if fO 2 was >FMQ.
Glassy and crystallized melt inclusions within quartz xenocrysts are compositionally similar, containing 10Á9 6 0Á1 wt % Al 2 O 3 , 4Á3 6 0Á3 wt % K 2 O and 5Á2 6 0Á3 wt % Na 2 O. Except for higher Li, Sr and MgO contents, all other element concentrations are virtually identical to those in the melt inclusions from the rhyolite dikes of Aztec Gulch and Silver Creek (Fig. 8) , suggesting that the quartz xenocrysts within the basalt magma stem from the same felsic magma reservoir as the rhyolite dikes. The higher Li concentrations may be due to diffusive exchange of alkalis after melt inclusion entrapment (Audé tat, 2015) , whereas the higher Sr and MgO contents may reflect slight contamination of the rhyolite magma by basaltic magma, although in that case one would expect Ba to be elevated as well. Overall, the close compositional match suggests that the basaltic magma was emplaced simultaneously with the ore-related rhyolite magma.
Magmatic P-T-f O 2 conditions
The following three methods were used to reconstruct magmatic crystallization conditions: zircon saturation thermometry (Watson & Harrison, 1983) , titanium-inquartz (TitaniQ) thermobarometry based on the approach described by Audé tat (2013), and oxygen fugacity estimates based on molybdenite saturation (Audé tat et al., 2011; Sun et al., 2014) . All analyzed melt inclusions in quartz are metaluminous to peraluminous and were saturated in zircon as evidenced by the common presence of zircon inclusions within the quartz phenocrysts, thus permitting utilization of the zircon saturation temperature thermometer of Watson & Harrison (1983) . For each melt inclusion a zircon saturation temperature was calculated based on its major element composition and Zr content, whereas entrapment pressure was calculated via TitaniQ from the Ti content of the host quartz next to the melt inclusion (Audé tat, 2013). TiO 2 activity was calculated from the TiO 2 content and aluminum saturation index of the melt inclusion, and TitaniQ pressures were calculated based on the calibration of Huang & Audé tat (2012) . Because the analyzed melts are F-bearing and the presence of F increases the solubilities of Zr and TiO 2 in the melt (Keppler, 1993; Aseri et al., 2015) , zircon saturation temperatures and TitaniQ pressures were calculated once without any F-correction and once with F-correction, with the latter being made using the experimental data of Keppler (1993) for Zr and the experimental data of Aseri et al. (2015) for TiO 2 . Application of the F-correction results in temperatures that are lower by 5-10 C and pressures that are lower by 0Á2-1Á2 kbar. For the representation of the data in Fig. 9 the median of the two values (without versus with F-correction) was plotted, with the error bars encompassing the effect of the F-correction. For melt inclusions in quartz xenocrysts from basalt and basaltic trachyandesite, which were not re-homogenized and subjected to EPMA, F concentrations were assumed to be 0Á5 wt % in the case of Red Mountain and 0Á25 wt % in the case of Silver Creek based on the F content of similarly evolved melt inclusions in quartz phenocrysts from the associated rhyolites.
Calculated zircon saturation temperatures of melt inclusions in the rhyolite dike from Red Mountain range from 740 to 780 C, whereas pressure ranges mostly from 1Á5 to 3Á0 kbar (average 2Á2 kbar). Corresponding water solubilites (Johannes & Holtz, 1996) range from 5Á3 to 7Á5 wt % H 2 O (average 6Á5 wt %), which agrees well with the range of 5Á2-7Á2 wt % H 2 O (average 6Á0 wt %) obtained from re-homogenized melt inclusions. The zircon saturation temperatures decrease both with increasing Rb content of the melt (Fig. 9a) andsomewhat surprisingly-with increasing pressure (Fig. 9b and c) . Based on an average zircon saturation temperature of 760 C and a melt Mo content of 10 ppm, an oxygen fugacity of log fO 2 ¼ FMQ þ 2Á2 can be calculated using the molybdenite solubility model of Sun et al. (2014) . This model can be applied to the Red Mountain rhyolite because this magma was saturated not only in molybdenite but also in magnetite and pyrrhotite (Table 1) .
The melt inclusions from Woods Mountain record a relatively narrow range of temperatures (680-720 C; Fig. 9a and b) but a large spread of pressures ($1 kbar to at least 6 kbar; Fig. 9b and c) , suggesting quartz crystallization and melt entrapment over a large depth interval. In all the graphs of Fig. 9 the melt inclusions from Woods Mountain continue roughly the trends defined by those analyzed from Red Mountain. Although the calculation of TitaniQ pressures is associated with significant uncertainties, these general trends appear to be real. Water contents of five rehomogenized melt inclusions range from 8Á2 to 8Á7 wt % H 2 O, corresponding to minimum entrapment pressures of 4Á1-4Á6 kbar (Johannes & Holtz, 1996) . A quartz phenocryst containing a calcite inclusion (Fig. 2j) returned a zircon saturation temperature of 719 6 6 C and a TitaniQ pressure of 4Á7 6 0Á4 kbar (Fig. 9b and c) , which is in agreement with a minimum pressure of 4Á0 kbar required to stabilize magmatic calcite in rhyolitic magmas (Audé tat et al., 2004) . The stability minimum of magmatic calcite occurs at a water activity of 0Á8-0Á9, which fits with the H 2 O and CO 2 contents of the most deeply derived melt inclusions reported by Mercer et al. (2015) from the Hideaway Park Tuff (5Á5-5Á8 wt % H 2 O; 230-600 ppm CO 2 ). Furthermore, there is a distinct decrease of the K 2 O/Al 2 O 3 ratio in the melt inclusions with increasing entrapment pressure (Supplementary Data Table S1 ), which is in agreement with the shift of the eutectic minimum in the quartz-albite-orthoclase system towards the albite apex with increasing pressure (Johannes & Holtz, 1996) . The presence of extremely Ti-poor magnetite (0Á4 wt % TiO 2 ) and similarly Ti-poor 'ilmenite' (0Á4 wt % TiO 2 ; thus being close to the hematite endmember) as inclusions within quartz phenocrysts suggests an extremely high oxidation state for the Woods Mountain magma, near the magnetitehematite buffer (FMQ þ 5Á1).
Most of the quartz xenocrysts in the basaltic trachyandesite samples from Urad-Henderson formed at temperatures of 740-780 C and pressures of 1Á0-2Á5 kbar. Oxygen fugacity conditions calculated from the Mo content of two melt inclusions in a quartz phenocryst that hosted a molybdenite inclusion (UH14 phenocryst B) range from log fO 2 ¼ FMQ þ 1Á0 to FMQ þ 2Á2.
Melt inclusions in quartz phenocrysts from the Silver Creek rhyolite dikes return zircon saturation temperatures of 780-800 C and pressures of 2Á9-4Á5 kbar, whereas those in quartz xenocrysts in the basalt from Elliott Mountain return temperatures of 740-760 C and pressures of 0Á2-1Á4 kbar. Water contents of re-homogenized melt inclusions in quartz phenocrysts range from 5Á8 to 9Á4 wt % H 2 O (average 7Á5 wt %), corresponding to minimum pressures of 1Á8-4Á3 kbar (average 2Á9 kbar) (Johannes & Holtz, 1996) . No estimate of fO 2 can be made for these samples because neither molybdenite nor Fe-Ti-oxide inclusions are present. Fig. 9 . Relationship between zircon saturation temperatures (Tzir), Rb contents, and estimated entrapment pressures (P) of rhyolitic melt inclusions in quartz phenocrysts from the samples studied from Red Mountain and Woods Mountain. Melt inclusions coexisting with specific mineral inclusions (biotite, calcite, fluorite or hematite) in the latter occurrence are plotted separately. Because the effect of fluorine on calculated zircon saturation temperatures and corresponding quartz crystallizing pressures is not well constrained, the medians of uncorrected vs corrected Tzir and P values were plotted and the magnitude of F-correction is shown by error bars. For samples with low F contents no error bars are shown.
DISCUSSION
Rhyolite dike from Red Mountain
The samples we investigated from Urad-Henderson can be placed in the following time frame relative to porphyry Mo mineralization: (1) the samples of rhyolitic and basaltic trachyandesite magmas were emplaced between the formation of the Urad orebody (>29Á9 6 0Á3 Ma) and the Henderson orebody ($28Á3-27Á6 Ma); (2) the samples from the barren Woods Mountain intrusive center formed at 24Á2 6 0Á9 Ma (i.e. c. 2Á5 Myr after the formation of the Henderson orebody). The time span between the formation of the Urad orebody and the Henderson orebody ($2 Myr) is similar to that between the formation of the Henderson orebody and the formation of the barren Woods Mountain intrusive center ($2Á5 Myr), hence the latter is probably part of the same magmatic system. This interpretation is also supported by the proximity of the two centers, with no intrusions of similar age occurring nearby.
The fact that the Rb, Sr, Zr and TiO 2 contents of melt inclusions analyzed from the rhyolite dike plot on the same trend as whole-rock data from the Urad porphyry and the mineralizing stocks of the Henderson, Seriate and Vasquez centers ( Fig. 5; Supplementary Data Fig. 1 ) suggests that the analyzed melts are representative of the mineralizing magmas, despite the fundamental difference between melt inclusions (melt only) and bulkrocks (melt plus crystals). The melt inclusions from the Hideaway Park Tuff (Mercer et al., 2015) plot on the same trend at only slightly higher degrees of melt evolution (Fig. 5) , for which reason also these samples can be considered representative. In fact, the average composition of melt inclusions from Hideaway Park can be perfectly reproduced by $15% fractional crystallization of the average composition of melt inclusions from the rhyolite dike at Red Mountain. Both magmas were at least temporarily saturated in molybdenite. However, the fact that (1) molybdenite inclusions are very rare and (2) the Mo content of the melt generally increased with increasing fractionation (Fig. 6) suggests that the amount of Mo stored in molybdenite was small, and thus that the Mo contents of 10 6 3 ppm obtained from the melt inclusions at Red Mountain and 15 6 3 ppm at Hideaway Park probably represent upper limits of the Mo content of the bulk magmas (upper limits owing to the presence of Mo-poor phenocryst phases). Similarly, the melt fluorine contents of 0Á53 6 0Á04 wt % at Red Mountain and 0Á7 6 0Á1 wt % at Hideaway Park are considered to represent upper estimates. The ore-forming magmas at Red Mountain thus contained much less fluorine than those at Climax, which-as mentioned in the Introduction-implies that high fluorine contents are not a necessary requirement to produce economic mineralization. Consequently, there should be additional parameters that facilitate accumulation of major volumes of evolved silicic melts in upper crustal magma chambers.
Relationship to the Woods Mountain intrusive center
Revealing insights into the cause of mineralization at Urad-Henderson may be obtained from the study of the nearby Woods Mountain intrusive center. No Momineralization was intersected by three deep drill holes placed within this center (Shannon et al., 2004) . It also appears unlikely that mineralization was present at higher, now eroded, levels because the Woods Mountain intrusive center displays only weak sericitic alteration and because the regional-scale propylitic alteration halo is clearly centered on Red Mountain ( Fig. 1 ; Shannon et al., 2004) . The Woods Mountain intrusive center can thus be confidently considered as being barren. But why is it barren? Is it due to the low Mo content of the magma (only 0Á6-1Á5 ppm vs 10-15 ppm at Red Mountain), or due to some other reason? The absence of significant sericitic alteration at Woods Mountain and its position near the rim of the regionalscale propylitic alteration halo suggests that not much fluid was coming up through the Woods Mountain intrusive center, despite the presence of intrusive and hydrothermal breccias (Shannon et al., 2004) . The low Mo content could thus be just another factor, rather than the main reason, as to why the Woods Mountain intrusive center remained barren.
Why did the Woods Mountain magma contain so little Mo? The most obvious explanation would be that it represents a late differentiate of the magmas that formed the Urad and Henderson deposits, after efficient extraction of Mo. However, this interpretation is inconsistent with the following lines of evidence. (1) The Woods Mountain magma contains quartz phenocrysts that grew over a much larger depth interval than those at Red Mountain (1-7 kbar vs 1-3Á5 kbar; Fig. 9b and c) . Pettke, 2003; Audé tat et al., 2008; Zajacz et al., 2008; Audé tat, 2010; Lerchbaumer & Audé tat, 2013) are too low to result in major Mo-depletion in the residual melt during fluid-saturated magma crystallization. For incompatible elements such as Mo, fluid/melt partition coefficients need to be greater than 100 divided by the water solubility in wt % to result in element depletion in the residual melt; that is, D Mo fluid/melt needs to be >25 at 1 kbar, >17 at 2 kbar, and >13 at 3 kbar. Taken together, these two lines of evidence speak clearly against an origin of the Woods Mountain magma via fractional crystallization of the same magmas that were emplaced at Red Mountain, but instead point towards a deeper origin.
If the Woods Mountain magma was a partial melt generated in the deep crust, then it is hard to explain why this magma is more evolved (i.e. reflects a lower degree of partial melting) and contained less Mo than the earlier magmas emplaced at Red Mountain, unless it formed in a region that was not partially melted previously. Our preferred interpretation thus is that the Woods Mountain magma represents a late differentiate of a second magma chamber that occurred at significantly greater depth than the one immediately below Red Mountain. This interpretation is able to explain most (if not all) of the evidence presented above. The larger spread of quartz crystallization pressures in the Woods Mountain magma would reflect quartz crystallization during magma ascent from this deeper reservoir. The lower Mo content would reflect efficient removal of Mo into an exsolving fluid phase in the deep reservoir, which is feasible at high pressure because the H 2 O solubility is much higher (e.g. $10 wt % at 5 kbar; Johannes & Holtz, 1996) . Hence, during fluid-saturated magma crystallization the residual silicate melt becomes depleted in Mo at D Mo fluid/melt values ! 10. The contrasting trends in the Y vs Rb plot may reflect contrasting assemblages of accessory minerals in the two magma chambers. This scenario would also explain the high oxygen fugacity of the Woods Mountain magma, as the oxygen fugacity of magmas is expected to increase during fluid-saturated crystallization owing to loss of hydrogen (e.g. Humphreys et al., 2015) , and it would explain the low amount of fluids expelled through the Woods Mountain center because the magma volume was smaller. It should be noted that the higher fluorine content of the Woods Mountain magma is not inconsistent with this scenario because fluorine has a low fluid/ melt partition coefficient (commonly < 1; e.g. Carroll & Webster, 1994) , hence it also becomes enriched in the residual melt during crystallization at fluid-saturated conditions. In summary, our preferred interpretation of the data from Red Mountain and Woods Mountain is that the magmas are linked to one or several midcrustal magma chambers at 15-25 km depth, but that they evolved separately at shallower levels, with earlier, volumetrically larger magma batches accumulating in a major magma chamber beneath Red Mountain, and later, volumetrically smaller, residual melts ascending through the Woods Mountain intrusive center.
Silver Creek
At Silver Creek only one stage in the evolution of the magma system could be investigated, with the evidence pointing to an intra-mineralization origin of the collected samples (Cameron et al., 1986) . All melt inclusion compositions (both in quartz phenocrysts from the rhyolite dikes and in quartz xenocrysts from the basalt at Elliott Mountain) fall within a limited range of Cs (10-25 ppm) and Rb (270-530 ppm) concentrations, and Mo concentrations are consistently low at 3-5 ppm. Reconstructed crystallization conditions for the Silver Creek rhyolite are 780-800 C and 2Á9-4Á5 kbar, and rehomogenized melt inclusions contain 0Á28 6 0Á02 wt % F and 7Á5 6 1Á0 wt % H 2 O. Hence, as in the case of UradHenderson, the mineralizing magma appears to have been relatively F-poor but H 2 O-rich.
Role of contemporaneous mafic magmas
At both Henderson and Silver Creek the ore-forming rhyolite magmas seem to have coexisted at least temporarily with mafic magmas. As shown above, these mafic magmas were rather poor in Mo (<5 ppm in both silicate melt and sulfides), hence they are unlikely to have contributed significant amounts of Mo to the rhyolite magma. However, minimum sulfur contents calculated on the basis of silicate melt compositions and the petrographic evidence for sulfide saturation range from 500 to 1400 ppm, which is at least one order of magnitude higher than sulfur solubilities in water-saturated rhyolite melts at the same oxygen fugacity (e.g. Baker & Moretti, 2011) . Therefore, as already pointed out by Mercer et al. (2015) , the mafic magmas could well have contributed significant amounts of sulfur to the magma system. It should be noted, however, that an external sulfur source may not necessarily be required because the S/Mo ratio of a rhyolite melt containing 10 ppm Mo and 50 ppm S (the latter representing a rather low estimate) is already 7Á5 times higher than that of molybdenite. A rigorous assessment of the sulfur budget is not possible because the total amount of sulfur discharged from porphyry Mo systems is not known.
Controls on the formation of Climax-type porphyry Mo deposits
The reconstructed Mo contents of mineralizing magmas at Urad-Henderson (10-15 ppm Mo) and Silver Creek (3-5 ppm Mo) are in clear favor of a model that invokes Mo extraction from large volumes of Mo-poor melts rather than intermittent formation of extremely Mo-rich melts. As already pointed out in earlier studies (Lerchbaumer & Audé tat, 2013; Audé tat, 2015) , the Mo contents measured in melt inclusions from porphyry Mo deposits are not higher than the Mo contents of similarly evolved melt inclusions in subeconomically Momineralized and barren intrusions (Fig. 6) . Assuming a magma density of 2Á4 g cm -3 and 50% removal efficiency, a volume of at least 55-85 km 3 magma would have been necessary to provide the $1Á0 Mt Mo (Carten et al., 1993) present in the Urad and Henderson orebodies. At Silver Creek, the proven resource is 0Á12 Mt Mo but projections suggest that it may exceed 0Á56 Mt (Cameron et al., 1986) ; these values correspond to magma volumes of 25 and 120 km 3 , respectively. The close spatial relation of ore shells to stocks and the relatively undisturbed nature of rocks between these ore shells (e.g. Fig. 1b) suggest that the mineralization events took place when the magmas in the stocks were not yet solidified. This concept, together with the common occurrence of unidirectional solidification textures in the apical parts of the mineralized stocks , led to the convecting magma column model of Shinohara et al. (1995) , in which mineralizing fluids are released from large volumes of relatively Mopoor magmas circulating through apophyses of underlying batholiths. A critical requirement for this model is the accumulation of large volumes (50-100 km 3 ; see above) of fractionated, crystal-poor magma at 3-10 km depth, which itself probably requires special magma properties or tectonic environments. Based on the fluorine-rich nature of Climax-type porphyry Mo deposits (e.g. White et al., 1981; Wallace, 1995) an obvious candidate would be high magmatic fluorine contents, as fluorine lowers melt viscosities and thus facilitates segregation of residual melts from crystallizing minerals. However, compared with the melts at Climax, which contained 3Á5 6 0Á4 wt % F (Audé tat, 2015), those identified in the present study are relatively fluorine-poor ($0Á5 wt % at Urad-Henderson; $0Á3 wt % at Silver Creek), suggesting that high F contents are not a requisite to produce economic porphyry Mo mineralization. Rather, other factors seem to have promoted accumulation of large volumes of evolved liquids beneath UradHenderson and Silver Creek. Two other major factors controlling melt viscosity are temperature and H 2 O content. The mineralizing magmas at Urad-Henderson and Silver Creek appear to have been significantly hotter and in the case of Silver Creek also more H 2 O-rich than those of Climax. Corresponding viscosities calculated based on the model of Giordano et al. (2004) are log g ¼ 4Á4-4Á9 Pa s for Urad-Henderson, log g ¼ 3Á5-4Á4 Pa s for Silver Creek, log g ¼ 4Á8-4Á9 Pa s for Climax, and log g ¼ 2Á5-4Á5 Pa s for Pine Grove (Table 4) . These values plot at the lower limit of granitic melt viscosities estimated by Scaillet et al. (1998) , and mostly below the values estimated by Takeuchi (2011) (Fig. 10) . Hence, it is feasible that economic porphyry Mo mineralization was promoted in all four cases by efficient crystal-melt segregation. At Climax this was possible at relatively low temperature and a shallower depth of magma crystallization owing to the unusually high F content of the magma, whereas at Henderson, Silver Creek and Pine Grove it was promoted by higher water contents and/or higher temperatures. The higher magma temperatures may be a consequence of higher magma flux rates and/ or more extensive interaction with mafic magmas, which were present in all four porphyry Mo systems (Henderson, Silver Creek, Pine Grove, and Climax).
CONCLUSIONS
The evolution of two magma systems associated with Climax-type porphyry Mo mineralization was reconstructed by means of detailed petrological studies on felsic and mafic rock units that are temporally related to the mineralization, but occurred at far enough distance from the mineralization center to retain well-preserved inclusions within quartz phenocrysts. By focusing on silicate melt inclusions and various mineral inclusions (oxides, silicates, phosphates, carbonates, fluorides and sulfides) we obtained information on (1) the original concentrations of metals and volatiles in the silicate melt, (2) the extents of magma fractionation, (3) the magma mineralogy (comprising at least 15 mineral phases in the case of Scaillet et al. (1998; crosses) and estimates for granitic to basaltic melts reported by Takeuchi (2011; circles) . the rhyolite at Urad-Henderson), and (4) the P-T-f O 2 conditions of magma crystallization.
Melt inclusions from the rhyolite dike at the top of Red Mountain have a trace element chemistry that is virtually identical to that of published whole-rock analyses of the ore-related intrusions, suggesting that the trapped melts are representative of the mineralizing magmas. They contain 10-15 ppm Mo, 6-7 wt % H 2 O and 0Á5-0Á7 wt % F. The magma crystallized at 730-770 C, 1-3 kbar and log fO 2 $ FMQ þ 2 before dike emplacement. Melt inclusions from the slightly younger, barren Woods Mountain intrusive center are more evolved and contain more H 2 O (8Á2-8Á7 wt %) and F (1Á1-1Á7 wt %), but are severely depleted in Mo (0Á6-1Á5 ppm). Reconstructed magma crystallization conditions are 680-720 C, 1-7 kbar and fO 2 up to FMQ þ 5. Based on this evidence the Woods Mountain intrusive magma is interpreted to represent a residual melt that originated from a deep magma chamber (deeper than the one immediately below the mineralized stocks), after extraction of Mo-rich fluids.
Melts from two presumably syn-mineralization rhyolite dikes at Silver Creek contained 3-5 ppm Mo, 7-8 wt % H 2 O and $0Á3 wt % F, and record crystallization conditions of 780-800 C, 2-5 kbar. Both at Urad-Henderson and at Silver Creek the rhyolitic magma temporally coexisted with mafic magmas of basaltic to basaltic trachyandesite composition, as evidenced by field relationships and the presence of euhedral quartz xenocrysts within the mafic magmas, hosting melt inclusions of the same composition as those present in the rhyolitic magma. The mafic magmas were rather Mo-poor ( 4 ppm) and thus are unlikely to have provided significant amounts of Mo to the mineralizing system. However, they contained at least 10 times more sulfur than the coexisting rhyolitic melts and thus may have contributed significant amounts of sulfur.
Based on the relatively low amounts of Mo contained in the bulk magmas, large magma volumes (at least 50-100 km 3 ) were necessary to provide all the Mo present in the ore bodies at Urad-Henderson and Silver Creek. Because the mineralizing stocks seem to have been dominantly liquid at the time of mineralization, a very efficient mechanism for extracting Mo-bearing fluids from large volumes of magma is required, such as the magma circulation model proposed by Shinohara et al. (1995) . A requisite for this model is that the magmas had low enough viscosities to be able to circulate within the narrow stocks below the ore bodies. Reconstructed temperatures and melt volatile contents suggest that the ore-forming melts at Urad-Henderson, Silver Creek, and two other Climaxtype porphyry Mo deposits indeed had unusually low viscosities (log g ¼ 3Á5-4Á9 Pa s), which may have been a key factor in the formation of these ore deposits.
